ATP has recently been identified as a fast neurotransmitter in both the central and peripheral nervous systems. Several studies have suggested that ATP can also affect the release of classical neurotransmitters, including acetylcholine with which it is co-released. We have searched for ATP receptors on a cholinergic presynaptic nerve terminal using the calyx-type synapse of the chicken ciliary ganglion. ATP was pulsed onto the terminals under voltage clamp and induced a short latency cation current that exhibited inward rectification and marked desensitization. This current was not seen with adenosine but was mimicked by several sterically restricted ATP analogs and was blocked by suramin. ATPactivated single ion channels exhibited prominent flickering and had a conductance of -17 pS. Our results demonstrate a ligand-gated P2x-like purinergic receptor on a cholinergic presynaptic nerve terminal.
ATP is a prime candidate as a transmitter release modulator in cholinergic nerve terminals and can result in both up-and down-regulation of synaptic transmission. Although some of these actions are due to the breakdown product adenosine (1-3), ATP itself can also affect transmitter release (4, 5) . ATP is known to activate nonselective cation channels on neurons and muscle fibers (6) (7) (8) primarily via the P2X purinergic receptor subtype, but there is currently no direct evidence localizing these channels on presynaptic nerve terminals. We have previously demonstrated that it is possible to record whole-cell and single-channel currents from the extensive calyx-type cholinergic presynaptic nerve terminals of the chicken ciliary ganglion (9, 10) . We have used this preparation to test for the presence of presynaptic ATP-gated ion channels by treating the calyces with purinergic agonists and blockers. Some of these results have been presented in abstract form (11, 12) .
EXPERIMENTAL PROCEDURES
Preparation of Calyx and Neuron. Calyx nerve terminals were isolated as described (13) with minor modifications (10) . Briefly, ciliary ganglia were dissected from 15-day-old chicken embryos and were incubated in modified Eagle's medium (MEM) containing 0.74 mg of collagenase IV per ml (Worthington, Freehold, NJ), 12 .3 mg of dispase per ml (Boehringer Mannheim), 800 units of hyaluronidase per ml (Worthington), and 0.07 mg of trypsin inhibitor II per ml (Sigma) for 2-3 hr at 37°C in 5% CO,/95% air. The digestion was terminated by removing ganglia from the enzyme solution and washing with MEM. The ganglia were triturated in the presence of the vital dye 4-(4-diethylaminostyl) N-methyl-pyridinium (4-Di-2-ASP; Molecular Probes, Eugene, OR) at 80 nM and the cell suspension was allowed to adhere on a glass coverslip recording
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 To confirm that the receptors were within the P2-type group, we applied the antagonist suramin (18) . These experiments were hampered by desensitization of the response after a single dose of ATP that precluded a typical three-trial protocol: control, drug, and washout. However, it was possible to apply ATP in the presence of suramin and then ATP alone (n = 3). We also tested suramin during the time course of a single application of either ATP or a,13-MeATP (n = 4). A clear blocking action by suramin was observed with both protocols (Fig. 2) . (n = 4) were approximately equipotent, whereas MeSATP (n = 6) was less effective (Fig. 3) and no response was seen with 3,,y-MeATP (n = 6; P < 0.05). These findings are consistent with a designation of the receptor as P2X type.
Ion Selectivity of the ATP-Activated Current. An exhaustive examination of channel selectivity was not carried out, but we tested whether the ATP receptor current was consistent with a nonselective cation current, as described for other P2x-type receptors (Fig. 4) . With symmetrical cation distributions of Kj,/Na0u, (n = 3) or Csin/Naout (n = 2), the current reversed in the range of -10 to +20 mV, confirming that the channel was relatively nonselective between cations. The current exhibited inward rectification at hyperpolarized potentials, con was a property of the receptors and not ion distribution, since it was still observed in a symmetrical 140 mM Na+ (n = 2) gradient (data not shown).
ATP-Activated Single-Channel Currents. ATP single channel events were recorded only in the outside-out patch conProc. Natl. Acad. Sci. USA 93 (1996) 1861 figuration in order to ensure that current fluctuations could be attributed to the application of the test drug. Furthermore, only patches that were electrically silent prior to agonist treatment and that demonstrated a prompt response to ATP treatment were included in the data. ATP-dependent activity was observed in about half, 8/18, of these patches. Singlechannel currents were -2 pA at membrane potentials of -120 mV and exhibited bursting behavior with rapid current fluctuation during the bursts (Fig. 5) . Clear open levels were difficult to discern because of the rapid fluctuations. However, selected traces were used to obtain amplitude measurements and to estimate the slope conductance, which was -17 pS.
DISCUSSION
The direct recording of presynaptic receptors in situ with electrophysiological techniques had been precluded by the general small size and inaccessibility of these structures. In this study, we demonstrate the presence of an ATP-activated ion current in a cholinergic presynaptic nerve terminal. This current reflects the direct activation of ATP-gated ion channels on the nerve terminals, since the latency after drug application is too short to be attributed to a second messenger pathway (19) . Hence, it is possible to record ligand-gated ion channels directly from a presynaptic nerve terminal. It has been reported that ATP activates an inward current in many cell types (6, 7, 20) . The ATP current recorded in the present study was not radically different from these previous reports. The ATP receptor was poorly selective between monovalent cations and rectified markedly at hyperpolarized potentials. The ATP concentration dependence of the current was also comparable to other studies. The half-effective ATP concentration (EC50) of 15 ,tM is within the published range, somewhat higher than that in sensory neurons (15, 21) but lower than in PC12 cells (22) . The Hill coefficient was -1.0, suggesting that the channel is gated by one ATP binding site, a value that is consistent with findings in other reports (7) . The single-channel conductance of 17 pS was also close to published values, which range from 13 to 22 pS (23, 24) .
A number of different receptors are activated by ATP, and these have been classified as P2-type purinoceptors with two major divisions-P2x and P2y. Suramin is a nonselective P2 Previous studies have examined the effect of ATP on transmitter release, but in general these did not distinguish the action of ATP itself from the inhibitory effects of its breakdown product adenosine via P1 receptors. In the few cases where specific P2 receptor agonists were used, release was found to be facilitated. ATP enhanced both spontaneous (4) and evoked (5) transmitter release.
The biological function of presynaptic P2x receptors is not known. It has been suggested that they are involved in the interactions between the nerve terminal and its target during development (4). They could also play a similar role in the close relationship between the terminal and its surrounding glial cells. Perhaps the most intriguing possibility is that ATP, co-released with acetylcholine (26), enhances transmitter release via activation of presynaptic P2X autoreceptors. This action could be mediated via the influx of calcium ions, which are known to be highly permeable through this receptor type (27) . Since the presynaptic P2x receptors are activated relatively slowly (time constant, 120 ms), compared, for example, to postsynaptic nicotinic receptors, it seems unlikely that significant recruitment would occur as a result of the ATP released during a single nerve impulse. However, peripheral synapses (28), including the chicken ciliary ganglion calyx synapse (29) , have been demonstrated to exhibit a long- Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 1863 duration potentiation during prolonged stimulus trains. The mechanism of this effect is not known, but does not appear to involve cholinergic transmission (28, 29) . Whether P2x autoreceptors are involved in this phenomenon will require further study.
